An alternating current (AC)-operated electromagnetic stirring (EMS) device, using line frequency, was designed and built to operate on a laboratory electroslag remelting (ESR) furnace for 150-mm-diameter ingots. Laboratory-scale experiments were conducted employing both 4340 alloy steel and INCONEL 718 alloy as electrode material. The initiation of stirring is accompanied by a thin strip of segregated material and favors the formation of spot segregation. Changes produced in the fluid flow conditions in the liquid pool ahead of the solidification front result in a transition from a highly directional columnar to an unoriented, branched structure. Except for small pockets of segregated liquid, the flow of molten metal does not penetrate into the mushy zone. Both electrode material and molten metal pool shape play an important role on the extent of promoting an equiaxed structure.
I. INTRODUCTION
THE more severe standards required by current applications of metallurgical products have led to the development of processes which can deliver large ingots without the common defects found in conventional casting. Among these processes, the group based on the remelting of consumable electrodes has become popular in the production of large ingots of special alloys. In particular, electroslag rernelting (ESR) ti,2,3~ and vacuum arc remelting (VAR) tnj are the most widely used consumable electrode remelting processes. Both share a melting technique based on the passage of an electric current through a consumable electrode, resulting in molten metal in the form of droplets which then solidify against a watercooled mold, building up an ingot. This particular heat extraction regime permits a controlled freezing of limited amounts of liquid at a time, as opposed to the freezing mechanism of conventional casting.
Even though ingots produced by either ESR or VAR are structurally sounder than those produced by conventional techniques, freckles and other macroscopic segregations can develop when ingot size and/or melting rate are increased, depending upon the particular alloy. Additionally, the heat extraction patterns caused by the mold configuration favor a completely columnar structure, and therefore, equiaxed zones do not develop during freezing under normal operation. It is in this context that electromagnetic stirring (EMS), a technique already commonly used in processes like continuous casting, during the remelting operation can be a useful technology for modifying the structure and controlling macrosegregation. It has already been established that the liquid pool of a VAR t51 or direct current (DC) ESR [6,71 process can be stirred by using the interaction of an external field with the melting current. Indeed, this technique is widely used to homogenize alloy additions in the VAR process for titanium and zirconium alloys. However, it has not been applied to alternating current (AC) ESR systems. Mechanical forces in liquid conductors arise whenever an induced or natural current interacts with induced or natural magnetic fields.rS~ These forces act on directions that are perpendicular to both current and magnetic field as expressed by
This electromagnetic body force may either enhance or damp fluid flow caused by thermal gradients or surface forces, as well as the turbulent component of the flow.
Many metallurgical processes employ strong currents which induce magnetic fields, resulting in liquid metal movement which might be deleterious. On the other hand, intentional electromagnetic stirring produced with external devices, either permanent magnets or solenoids, has been used as an aid in promoting equiaxed structures or reducing macrosegregation, t9,~~
II. LIQUID METAL MOVEMENT IN ELECTROSLAG REMELTING AND VACUUM ARC REMELTING
In the ESR and VAR processes, the strong current used to melt the consumable electrode circulates throughout the entire installation, creating an associated magnetic field. The interaction of this self-induced field with the main current results in a Lorentz force which creates a counterclockwise axisymmetric flow pattern in the axial plane. In the slag region of an ESR furnace, this force opposes the buoyancy-driven flow resulting from the cool boundary layer at the mold wall. t12-15] In spite of the similarities between the two processes, the current density distributions in ESR and VAR can be quite different. Besides the higher current densities used in VAR, the presence of a slag in ESR represents an important difference. Additionally, while VAR is virtually always conducted with DC, ESR furnaces can be operated under either DC or AC; in the latter case, the skin effect significantly modifies the current behavior. Moreover, the melting current in ESR can be partially carried by the mold (live mold) or go entirely to the base plate (insulated mold). In the case of VAR, part of the melting current goes to the mold at the top of the ingot due to the good contact between ingot and mold wall, which is later lost due to solidification shrinkage. It has to be pointed out that because of the extremely adverse experimental conditions, there is no quantitative description of the current path in either process, and this constitutes an important obstacle for the modeling efforts that up to now have had to rely on assuming a current density distribution; t161 it could also interfere in the interpretation of some experimental results.
The effect of stray magnetic fields on the metal pool movement in VAR and ESR can be important. Schlatter t71 carried out an experimental study in industrial-scale (600-mm-diameter ingots) VAR furnaces and concluded that nonuniform stray magnetic fields in the vicinity of the arc cause an asymmetrical current path which results in deleterious motion in the pool. These large-scale stray fields are produced by the single-turn "coil" formed by the electric circuit that goes from the power supply to the electrode, through the ingot and mold, and back to the power source to close the circuit. In a typical large ESR installation for the remelting of 66.04-cm-(26-in.) diameter electrodes in a 76.2-cm-(30-in.) diameter mold using 20 kA, the magnetic field in the center of the loop, assuming a quasi-steady field, is of the order of 35 gauss. It has to be noted that if the electrode is made of ferromagnetic material, the stray field will tend to concentrate in this region. BriJckmann et al. tl81 made quantitative measurements of the flow velocity at the surface of the slag and suggested that the tangential flow resulting from electromagnetic asymmetries is less pronounced in AC operations, possibly due to the shielding effect of the mold.
Smaller stray fields may arise from unstable arc operation in VAR [~71 or the direction of takeoff of the cable leads connecting the base plate to the power source in ESR.
[19] Localized ingot-mold contacts in either process will also result in stray fields inside the mold.
III. EXPERIMENTAL PROCEDURES

A. Experimental Setup
When an externally produced electromagnetic field is used to stir during an ESR operation carried out with an AC power supply, the net electromagnetic body force driving the liquid flow is given by the time average value of the instantaneous force
where J is the alternating current density used for melting and B is the sum of the self-induced plus the externally applied magnetic fields. Inspection of Eq.
[2] reveals that the maximum force will be generated when the current lines intersect the pulsating magnetic field lines orthogonally.
A very important effect associated with alternating magnetic fields is the magnetic skin effect which results from the interaction between the field and a material of finite electrical resistivity which acts as a sink. The magnitude of this interaction is characterized by the magnetic skin depth, defined as t2~
Physically, it represents the distance at which the magnitude of the magnetic field has decayed to -37 pct of its original value and is a measure of the ability of a magnetic field to penetrate a given material.
A typical laboratory-,scale ESR mold used at the University of British Columbia is made of aluminum, has a thickness of 3.81 cm (1-1/2 in.), and operates at a frequency of 60 Hz. Therefore, the magnitude of an externally applied magnetic field at the inner surface of such a mold would have decayed to -3 pct of its original value and, consequently, would produce very little stirring. Referring to Eq. [3], this loss of magnetic field intensity can be overcome if the mold were made of a material of very high electrical resistivity. Unfortunately, the heat extraction requirements of the process t2u require a mold capable of extracting a considerable amount of heat, which implies the use of a good thermal conductor. In order to get magnetic field lines inside the mold and at the same time maintain an adequate heat extraction regime, a design similar to that used in cold crucibles for the inductoslag process t22~ was developed. A schematic view of the stirring mold is shown in Figure 1 . Blocks of aluminum located between consecutive cooling water channels were removed from a 10.16-cm-(4-in.) diameter, 15.24-cm-(6-in.) high standard aluminum mold and replaced with pieces of solid graphite. The higher electrical resistivity of the graphite sections favors the "leaking" of magnetic field lines. Once the aluminum and graphite blocks were clamped together, a four-turn coil made from 1.27-cm-(1/2-in.) OD stainless steel tube was placed around the composite mold. In order to prevent arcs, the coil was coated with epoxy paint, and rubber pieces were placed between the coil and the mold. A detail of the final arrangement is shown in Figure 2 . Before an experiment was conducted, the inside surface of the mold was painted with boron nitride paint (type S). The coil was fed with AC (at a frequency of 60 Hz) provided by an independent power supply but in phase with the ESR melting power.
The mold configuration consisted of two standard aluminum molds placed at the bottom and top of the stirring molds that were used for starting and finishing each experimental run. Copper leads were connected from the main power source to both bottom and top molds, which can, therefore, be considered as live molds.
B. Experimental Program
The experimental program is summarized in Table I and included EMS during short (40 to 60 second) and long (-15 minute) periods of time in the melting of 4340 alloy steel electrodes. Experiments were also conducted using INCONEL* 718 electrodes under two slags of dif-
